The major goal of the present study was to investigate the potential use of a novel single nucleotide polymorphism (SNP) genotyping technology, called iPLEX Gold (Sequenom), for the simultaneous analysis of 16 SNPs that have been previously validated as useful for identification of Mycobacterium tuberculosis complex (MTBC) species and classification of MTBC isolates into distinct genetic lineages, known as principal genetic groups (PGGs) and SNP cluster groups (SCGs). In this context, we developed a 16-plex iPLEX assay based on an allele-specific-primer single-base-extension reaction using the iPLEX Gold kit (Sequenom), followed by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis on the commercially available Sequenom MassARRAY platform. This assay was tested on a panel of 55 wellcharacterized MTBC strains that were also genotyped for the same loci using the previously reported SNaPshot assay, as well as 10 non-MTBC mycobacteria and 4 bacteria not belonging to the genus Mycobacterium. All MTBC samples were successfully analyzed with the iPLEX assay, which yielded clear allelic data for 99.9% of the SNPs (879 out of 880). No false-positive results were obtained with the negative controls. Compared to the SNaPshot assay, the newly developed 16-plex iPLEX assay produced fully concordant results that allowed reliable differentiation of MTBC species and recognition of lineages, thus demonstrating its potential value in diagnostic, epidemiological, and evolutionary applications. Compared to the SNaPshot approach, the implementation of the iPLEX technology could offer a higher throughput and could be a more flexible and cost-effective option for microbiology laboratories. (1, 8, 12, 37) . Although M. tuberculosis is the predominant causative agent of human tuberculosis, each member of this complex has been implicated in human infection, except M. mungi so far (8, 26) . Moreover, two members, M. bovis, the causative agent of zoonotic bovine tuberculosis, and M. canettii, an unusual member responsible for rare tuberculosis cases almost always exposed to Africa, are naturally resistant to pyrazinamide, a first-line antituberculous drug (18, 34) . Therefore, the rapid and reliable identification of MTBC isolates to the species level is of prime importance for timely selection of appropriate patient antibiotic treatment and also for epidemiological and public health considerations (36). Furthermore, various studies have recently identified distinct phylogenetic groupings within the human-adapted members of the MTBC (i.e., M. tuberculosis and M. africanum species), all of which are congruent (2, 5, 10, 14-16, 19, 20, 32). As shown in Table 1 , these MTBC members are currently classified into six major phylogenetic lineages, two of which are composed of M. africanum strains. These six major lineages were first identified by analysis of genomic deletions or large sequence polymorphisms (LSPs), but they are highly congruent to the ones defined by single nucleotide polymorphisms (SNPs), such as principal genetic groups (PGGs) defined by Sreevatsan et al. (37) and SNP cluster groups (SCGs) defined by Filliol et al. (14). Some of the traditional groupings defined by the use of epidemiological tools (e.g., spoligotyping) also correlate with these lineages (9). These lineages are associated with particular geographical regions and show differences in
The Mycobacterium tuberculosis complex (MTBC) is composed of causative agents of tuberculosis, a disease that remains a leading cause of human morbidity and mortality worldwide, with approximately 2 million deaths each year (World Health Organization, Tuberculosis Facts 2010 [http://www.who .int/tb/publications/factsheets/en/]). This complex comprises eight closely related bacterial species with distinct host tropisms, including the human pathogens M. tuberculosis, M. africanum, and M. canettii and the animal-adapted pathogens M. bovis, M. microti, M. caprae, and M. pinnipedii and the recently identified species M. mungi (1, 8, 12, 37) . Although M. tuberculosis is the predominant causative agent of human tuberculosis, each member of this complex has been implicated in human infection, except M. mungi so far (8, 26) . Moreover, two members, M. bovis, the causative agent of zoonotic bovine tuberculosis, and M. canettii, an unusual member responsible for rare tuberculosis cases almost always exposed to Africa, are naturally resistant to pyrazinamide, a first-line antituberculous drug (18, 34) . Therefore, the rapid and reliable identification of MTBC isolates to the species level is of prime importance for timely selection of appropriate patient antibiotic treatment and also for epidemiological and public health considerations (36) . Furthermore, various studies have recently identified distinct phylogenetic groupings within the human-adapted members of the MTBC (i.e., M. tuberculosis and M. africanum species), all of which are congruent (2, 5, 10, 14-16, 19, 20, 32) . As shown in Table 1 , these MTBC members are currently classified into six major phylogenetic lineages, two of which are composed of M. africanum strains. These six major lineages were first identified by analysis of genomic deletions or large sequence polymorphisms (LSPs), but they are highly congruent to the ones defined by single nucleotide polymorphisms (SNPs), such as principal genetic groups (PGGs) defined by Sreevatsan et al. (37) and SNP cluster groups (SCGs) defined by Filliol et al. (14) . Some of the traditional groupings defined by the use of epidemiological tools (e.g., spoligotyping) also correlate with these lineages (9) . These lineages are associated with particular geographical regions and show differences in their immunogenicities, virulence, and, possibly, drug susceptibilities (7, 16, 21, 32, 37) . Thus, the recognition of these human-adapted MTBC lineages is useful to address evolutionary questions and can also provide information important for tuberculosis control (3) .
In the last decade, a number of nucleic acid-based amplification methods have been developed for the differentiation of MTBC species in an attempt to replace the time-consuming analysis of the phenotypic and biochemical characteristics of the bacteria after culture, which has long been the "gold standard" (4, 17, 23, 25, 27, 28, 30, 38) . All these PCR-based methods, including the commercial GenoType MTBC lineprobe assay (Hain Lifescience), are based on the analysis of species-specific polymorphisms, which are generally SNPs and/or LSPs (or regions of difference [RDs], e.g., genomic deletions). The recently described exact tandem repeat D (ETR-D) sequencing method is an alternative approach that enables MTBC species identification, thanks to (i) variable numbers (1 to 7 copies) of the tandem repeat, (ii) six specific SNPs, and (iii) two deletions/insertions (13) . However, none of these methods allow the definitive identification of MTBC isolates to the species level and their simultaneous classification into lineages, although LSPs and SNPs are also ideal markers for defining MTBC phylogenetic groupings (11, 16) .
In this context, we recently reported the development of an innovative two-step strategy targeting 16 species-and lineagespecific MTBC SNPs using two 8-plex assays based on the SNaPshot technology (Applied Biosystems [AB], Foster City, CA) (6) . As illustrated in Fig. 1 , this SNP genotyping technology combines allele-specific-primer single-base-extension (SBE) biochemistry using fluorescent terminators with capillary electrophoresis detection. The first 8-plex SNaPshot assay enables the recognition of the three PGGs defined by Sreevatsan et al. (37) and the reliable identification of MTBC members (except PGG-1b M. tuberculosis and PGG-1b M. africanum and M. mungi), while the second 8-plex SNaPshot assay enables the further classification of M. tuberculosis isolates into 1 of the 6 SCGs and 5 subgroups defined by Filliol et al. (14) . As supported by our results (6), a unique feature of this twostep strategy is that it allows the simultaneous identification of MTBC species and lineages using the combination of the two 8-plex assays.
In recent years, many SNP genotyping technologies, including fully integrated commercial solutions, have become available (29, 31, 35) . On the basis of different biochemistries and detection platforms, each offers a unique combination of sample throughput, multiplexing capability, and cost. In the present study, we investigated the potential use of a novel SNP genotyping technology based on the commercially available Sequenom Inc. (San Diego, CA) MassARRAY platform for the simultaneous analysis of the 16 SNPs that we previously selected for the identification of MTBC species and lineages by the SNaPshot approach (6) . Like the SNaPshot technology, the recent iPLEX Gold technology (Sequenom) relies upon a primer SBE reaction for allelic discrimination, but it uses mass-modified terminators that are nonfluorescent, and SBE products are detected by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS), as illustrated in Fig. 1 . Thus, the iPLEX Gold technology combines the benefits of robust primer SBE biochemistry with 
MATERIALS AND METHODS
Bacterial samples. This study is based on the collection of MTBC DNA samples analyzed in our previous work (6) . A total of 55 MTBC DNA samples from reference strains M. tuberculosis H37Rv ATCC 27294, M. bovis CIP 102426, and M. bovis BCG CIP 105226 and clinical isolates of M. tuberculosis (n ϭ 34), M. bovis (n ϭ 6), M. bovis BCG (n ϭ 4), M. africanum (n ϭ 4), M. canettii (n ϭ 1), M. caprae (n ϭ 1), M. microti (n ϭ 1), and M. pinnipedii (n ϭ 1) were used in the present study. These isolates were identified to the species level by phenotypic and biochemical characterization methods and/or by use of a gene probe assay and, for some of them, by mycobacterial interspersed repetitiveunit-variable-number tandem-repeat (MIRU-VNTR) analysis, as previously described (6) . In total, 37 of these samples (M. tuberculosis H37Rv, M. bovis CIP 102426, one clinical M. africanum isolate, and all clinical M. tuberculosis isolates) had previously been successfully genotyped for the 16 SNP loci targeted in this study, and all the other ones has been successfully genotyped for 8 of these SNP loci. DNA samples from 10 mycobacteria other than those belonging to the
, and M. gordonae (n ϭ 1), and 4 bacteria that do not belong to the genus Mycobacterium (Nocardia nova, Corynebacterium amycolatum, Staphylococcus aureus, and Escherichia coli) were also used in this study as negative controls.
SNP panel. The assays developed in this study were designed to target a panel of 16 MTBC phylogenetically relevant SNPs previously selected on the basis of their species or lineage specificity (6) . General information about these SNPs is given in Table 2 . It must be noted here that for technical reasons, the SNP at position 2460628 (i.e., position 2460626 in the work of Filliol et al. [14] ) targeted by the 16-plex SNaPshot assay was replaced by SNP at position 144390 for the 16-plex iPLEX assay (numbering according to the M. tuberculosis H37Rv genome, GenBank accession no. NC_000962.2). These two polymorphisms are phylogenetically coincident and mark SCG-4 M. tuberculosis strains (2, 14) .
Modified 16-plex SNaPshot assay. In order to better compare the SNaPshot and the iPLEX technologies, we combined the two 8-plex SNaPshot assays described by Bouakaze et al. (6) into a single 16-plex SNaPshot assay allowing the simultaneous analysis of the 16 SNPs of interest. PCR and SBE primers previously designed were first tested without modification in a single 16-plex SNaPshot assay with 1 ng DNA of M. tuberculosis H37Rv as template as previously described, except that capillary electrophoresis was performed on an ABI 3500 genetic analyzer (AB, Foster City, CA), and automated allele calling was done using GeneMapper (version 4) software (AB) (6) . However, to enable the automated allele calling for all 16 SNPs, we had to modify the sequences of three SBE primers by either increasing or reducing the size of their 5Ј tail so that the peak for each extension product was easily distinguishable on the electropherograms. The sizes of the SBE primers for SNP loci 2460628 and 105139 were increased to 65 nucleotides (nt) instead of 55 nt and 52 nt instead of 50 nt, respectively, while the SBE primer size for SNP locus gyrB(675) was reduced from 64 nt to 52 nt. All 55 MTBC samples were finally analyzed again for these 16 loci using the 16-plex SNaPshot assay with the newly ordered primers.
Novel 16-plex iPLEX assay. PCR and SBE primers for each SNP investigated were designed using the MassARRAY design software, version 4.0 (Sequenom Inc., San Diego, CA), with the exception of primers for SNP loci hsp65 631 and 144390, which were designed using Primer3 software (http://frodo.wi.mit.edu /primer3/). The optimal amplicon size was set to 80 to 120 bp. A 10-mer tag (5Ј-ACGTTGGATG-3Ј) was added to the 5Ј end of each PCR primer to avoid confusion in the mass spectrum, and SBE primers were 5Ј tailed with nonhomologous sequences varying in length to create large enough mass differences between the different SBE products to be detected by MALDI-TOF MS. PCR and SBE primer sequences are shown in Table 3 .
The genotyping analysis was performed as recommended by the manufacturer with reagents included in the iPLEX Gold SNP genotyping kit (Sequenom) and the software and equipment provided with the MassARRAY platform (Sequenom). The 16 target sequences were simultaneously amplified from a 5-l final PCR volume composed of 1ϫ PCR buffer, 2 mM MgCl 2 , 500 M deoxynucleoside triphosphates (dNTPs), 0.1 M each PCR primer, 0.5 U of HotStarTaq enzyme, and 3.4 l bacterial DNA extract. The thermal cycling conditions consisted of a first denaturation step at 95°C for 2 min, followed by 45 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for 1 min, with a final extension step at 72°C for 5 min. To neutralize unincorporated dNTPs, PCR products were treated with 0.5 U shrimp alkaline phosphatase by incubation at 37°C for 40 min, followed by enzyme inactivation by heating at 85°C for 5 min. By adding 2 l of an iPLEX Gold extension reaction cocktail to the purified PCR products, the 16-plex SBE reaction was carried out in a final volume of 9 l containing 0.222ϫ iPLEX buffer, 1ϫ iPLEX termination mix, 1ϫ iPLEX enzyme, and the SBE primer mix that contained the 16 SBE primers divided into 4 groups from low to high masses (each group was composed of 4 primers). In the final SBE reaction, the concentration of the low-mass primers mix was 7 M, the concentrations of the two medium-mass primer mixes were 9.3 M and 11.6 M, and the concentration of high-mass primers was 14 M. The iPLEX extension reaction was performed under the following thermal conditions: an initial denaturation step at 94°C for 30 s, followed by 40 cycles of a denaturation step at 94°C for 5 s, 5 cycles of annealing at 52°C for 5 s and extension at 80°C for 5 s, and finally, a final extension step at 72°C for 3 min. After desalting of the products by using SpectroCLEAN resin following the manufacturer's protocol, cleaned extension products were dispensed onto a 96 SpectroCHIP array using an RS1000 Nanodispenser, and finally, the array was introduced into a MassARRAY Compact 96 mass spectrometer. Spectra were acquired using SpectroAcquire software, and data analysis, including automated allele calling, was done using MassARRAY Typer software, version 4.0.5. At least two replicate experiments were performed for each sample. DNA sequencing. Markers that failed to be detected with the 16-plex SNaPshot assay and/or 16-plex iPLEX assay were amplified in singleplex reactions using SNaPshot primer pairs as previously described (6) . After visual assessment of PCR products by agarose gel electrophoresis, standard sequencing was performed in both directions using a BigDye Terminator (version 3.1) cycle sequencing kit (AB) according to the manufacturer's recommendations. Capillary electrophoresis was performed on an ABI 3500 genetic analyzer (AB), and the resulting sequences were assembled and edited using the software Sequencher, version 4.7 (Gene Codes Corp., Ann Arbor, MI).
RESULTS
The 16 SNPs that were targeted by the previously described two 8-plex SNaPshot assays for identification of M. tuberculosis complex species and lineages (6) were successfully analyzed by using the modified 16-plex SNaPshot assay described in this study. The 55 MTBC samples tested with this single 16-plex SNaPshot assay yielded allelic data fully concordant with those obtained previously with the two 8-plex SNaPshot assays. The M. canettii sample still unexpectedly failed to amplify 3 loci (gyrA 95 , 1977, and 105139). Thus, 877 alleles were assigned over the 880 alleles that were expected, resulting in an allele call rate of 99.7%. Negative controls analyzed with the 16-plex SNaPshot assay failed to amplify all SNP loci, except sometimes for some loci (hsp65   631   , 16S rRNA   1249 , and 232574), as also previously observed with the two 8-plex SNaPshot assays (6) .
For comparison, the new 16-plex iPLEX assay was tested on the same set of 55 MTBC samples. It resulted in 879 allele calls, yielding an allele call rate of 99.9%. The alleles that were duplicated between the 16-plex iPLEX and SNaPshot assays were 100% concordant. The only one allele that was not assigned, even after a manual check, corresponded to that of the M. canettii sample for the SNP at position 105139. The full set of genotyping results obtained by the iPLEX technology for the 55 MTBC samples analyzed in this study, as well as the PGGs and SCGs inferred from these genotypes, is reported in Table 4 . All MTBC species tested were clearly differentiated in at least one locus, except for one M. africanum and two M. tuberculosis strains that displayed identical allelic combinations and that were clustered into the same group (PGG-1b/SCG-1). Therefore, the 16-plex iPLEX assay developed in this study is suitable for identification of MTBC species, except PGG-1b M. africanum and PGG-1b M. tuberculosis and M. mungi. This assay also has the potential to identify the main MTBC lineages, since the genotype data obtained for the lineage-specific markers enabled us to unambiguously classify all 55 MTBC samples analyzed in this study into one PGG and one SCG and no phylogenetic inconsistencies were observed. It must be noted that unexpected peaks were seen for some SNPs in negative-control samples, some of them being systematically observed even in water blanks, but this never interfered with data interpretation. Figure 2 shows examples of electropherograms and mass spectra obtained for the reference strains M. tuberculosis H37Rv and M. bovis CIP 102426 using the 16-plex SNaPshot assay and the 16-plex iPLEX assay, respectively. As illustrated, these two species yielded distinct electropherograms and mass The lowercase letters in the primer sequences are 5Ј-end tags (PCR primers) or nonhomologous sequences (SBE primers) that were added to increase the molecular weights of these primers so that they do not interfere with expected products in the mass spectra. b F, forward; R, reverse.
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on November 12, 2017 by guest http://jcm.asm.org/ and M. bovis on November 12, 2017 by guest http://jcm.asm.org/ spectra, and for each species, the genotyping results obtained with the two different SNP genotyping assays were concordant with each other and with data in the literature (14, 37) . Indeed, the M. tuberculosis H37Rv sample was always found to have the combinations of polymorphisms characteristic of PGG-3 (i.e., CTG 3 CGG at katG codon 463 and ACC 3 AGC at gyrA codon 95) and SCG-6b (1977G 3 A, 3352932G 3 C, and 311613T 3 G).
In contrast, the M. bovis sample possessed the polymorphisms associated with PGG-1a (i.e., ACC 3 ACT at katG codon 203) and SCG-7 (74092C 3 T and 913274C 3 G), as well as the mutated alleles for two gyrB gene SNPs, gyrB (756G 3 A) and the M. bovis-specific gyrB polymorphism (1410C 3 T).
The DNA regions surrounding the three loci that failed to be analyzed from the M. canettii sample with the SNaPshot assay and/or the iPLEX assay (i.e., 105139, 1977, and gyrA 95 ) were further investigated by DNA sequencing. The sequencing results revealed that the M. canettii sample used in this study showed sequence variations in the SNaPshot SBE primer binding sites for these three loci and also in the iPLEX SBE primer binding site for the 105139 locus. Thus, the primer extension failures were very likely caused by mismatches between the SBE primers and their targets, preventing the extension reactions. Although we failed to detect these 3 loci from the M. canettii DNA sample, the two assays described in this study easily differentiated M. canettii from the other species thanks to the C-to-T substitution at locus hsp65 631 , which is a polymorphism previously reported to be specific for the M. canettii species (17) .
DISCUSSION
In a previous study, we reported the development of two complementary 8-plex SNaPshot assays for the analysis of 16 SNPs that enable (i) the identification of MTBC members (except PGG-1b M. africanum and PGG-1b M. tuberculosis and M. mungi), (ii) the recognition of PGG lineages as defined by Sreevatsan et al. (37) , and (iii) the classification of M. tuberculosis isolates into one of the six SCG lineages defined by Filliol et al. (14) . The present study confirms that the simultaneous analysis of these 16 SNPs can be achieved in an equally efficient and reliable manner using a single 16-plex SNaPshot assay according to the protocol described in our previous article and modified as described herein. Thus, our results support the fact that SNaPshot assays can be readily multiplexed to a level higher than that suggested by the manufacturer, which recommends a limit of 10 SNPs per assay. As multiplexing is an efficient way to reduce costs and increase throughput, the use of this 16-plex SNaPshot assay is a cost-efficient and time-saving alternative option for laboratories that are interested in both identification of MTBC species and recognition of PGGs and SCGs by using a capillary electrophoresis platform.
This study also describes the development of a new 16-plex iPLEX assay for genotyping of these species-and lineagespecific SNPs using the commercially available Sequenom MassARRAY MALDI-TOF MS platform. This 16-plex iPLEX assay generated a high SNP call rate and showed a high degree of reproducibility. A perfect concordance was observed compared to the data generated by the 16-plex SNaPshot assay. Therefore, the newly developed 16-plex iPLEX assay can also be used for reliable identification of MTBC species and recognition of PGGs and SCGs from cultured MTBC strains.
The SNaPshot and iPLEX assays described in this study are both effective and easy to use and produce data that are easy to interpret since alleles are automatically called by ad hoc analysis softwares. Nevertheless, each assay presents specific advantages and disadvantages since the assays are based on different SNP genotyping technologies. The major advantage of the SNaPshot-based assay is that it can easily be introduced in a laboratory having access to an automated sequencer, which is equipment now commonly found in many microbiology laboratories for other common applications, such as classical DNA sequencing and MIRU-VNTR typing. However, this approach requires the use of fluorescently labeled terminators, which is not the case for the iPLEX assay. The iPLEX assay offers many additional benefits with respect to the SNaPshot assay. For instance, an analysis by MALDI-TOF MS is much faster than an analysis by capillary electrophoresis, requiring a few seconds for the former one and up to several minutes for the latter one. In addition, the iPLEX assay is suitable for high-throughput analysis, as either 96 or 384 samples can be analyzed on the same chip, depending on the MassARRAY platform used. Furthermore, a recent study has shown that spoligotyping of the MTBC members by analysis of the 43 spacers found in the direct repeat region can be done on the MassARRAY platform (22) . The analysis of these markers, which is currently routinely performed by a reverse line blot hybridization assay, is very useful for the molecular characterization/genotyping of MTBC strains for epidemiological purposes (9, 24) . Thus, the MassARRAY platform is also able to provide valuable information for molecular typing of MTBC strains. Although the major drawback of the iPLEX assay lies in the requirement for specific equipment, investment in a MassARRAY platform can be very appealing for microbiology centers with medium-to high-throughput activities, as previously noticed (33) .
To conclude, this study demonstrated that the iPLEX technology with the MassARRAY platform can be used for accurate genotyping of 16 SNPs that enable simultaneous differentiation of MTBC species and characterization of the main phylogenetic lineages. Compared to the 16-plex SNaPshot assay, the 16-plex iPLEX assay could offer a higher throughput and a more flexible and cost-effective option for microbiology laboratories. Nevertheless, this study represents only an initial evaluation of the use of this MALDI-TOF MS-based assay for identification of MTBC species and lineages and requires further evaluations with larger collections of MTBC samples.
